Abstract: Glioblastomas are among the most vascular tumors due to the expression of a variety of proangiogenic factors. New drug regimens are being developed to target angiogenesis in an attempt to arrest tumor growth. In particular, the vascular endothelial growth factor (VEGF) pathway has been a prime drug target. Preliminary results with anti-VEGF agents have been promising with prolonged progression-free survival reported. In addition, the antipermeability effects of anti-VEGF agents have important consequences for tumor imaging and for patient quality of life by decreasing corticosteroid dependence. Unfortunately, the response to anti-VEGF therapy is transient, and the majority of patients eventually relapsed, so more work is needed to understand the mechanisms of tumor escape.
D
espite aggressive treatment with surgery, radiation, and chemotherapy, glioblastoma (GBM) remains the most aggressive primary brain tumor with a 5-year survival rate of less than 5% and median overall survival of only 15 months. 1 Researchers are actively seeking new therapeutic options, and current efforts have exploited the fact that GBMs are highly vascularized tumors characterized by activation of multiple proangiogenic signaling pathways. Antiangiogenic agents, and particularly drugs that target the vascular endothelial growth factor (VEGF) pathway, are increasingly being incorporated into drug regimens. This review focuses on antiangiogenic therapy for GBM.
Angiogenesis in Gliomas
A thorough review of angiogenesis in GBM is beyond the scope of this review, so only a brief overview is outlined here. Growing tumors reach a point at which the existing blood supply can no longer support the needs of the tumor, leading to areas of hypoxia. In response to this hypoxia, GBMs undergo an ''angiogenic switch'' and increase secretion of various growth factors to promote new blood vessel formation. Vascular endothelial growth factor is one of the most critical growth factors and plays a central role in GBM angiogenesis by interacting with a number of pathways to promote GBM growth. 2, 3 These pathways include PTEN/pI3-kinase/Akt, 4 MAPK/ERK, 5 nitric oxide, 6 Notch-Deltalike ligand 4 (DLL4), 7 platelet-derived growth factor B (PDGF-B), 8 epidermal growth factor (EGF), 9, 10 tumor necrosis factor > (TNF->), and basic fibroblast growth factor (bFGF). 8, 11 In addition, the angiopoietins, Ang-1 and Ang-2, have a complex interaction with VEGF through their tyrosine kinase receptors, Tie1 and Tie2. In the presence of VEGF, Ang-2 promotes vessel sprouting but in the absence of VEGF, Ang-2 causes vessel regression. 12 Due to this complex redundancy, selective inhibition of the VEGF signaling axis, which has been the principal therapeutic target to date, has proven insufficient for a sustained antiangiogenic effect and sustained anti-tumor effect.
Debate continues over the exact mechanism of action of antiangiogenic drugs and whether or not these drugs have a direct anti-tumor effect. Initially, antiangiogenic agents were hypothesized to work by preventing new blood vessel formation and pruning existing tumor vessels leading to tumor deprivation of oxygen and nutrients. 13 More recently, Jain hypothesized a process of vascular normalization.
14 Tumor blood vessels, and particularly GBM blood vessels, are highly abnormal and characterized by enlarged vessel caliber, increased permeability, lack of adequate pericyte coverage and abnormally thickened basement membranes. The result is a heterogeneous, disorganized tumor vascular network with areas of increased perfusion and areas of decreased perfusion leading to hypoxia and, potentially, inefficient or inhomogeneous delivery of chemotherapy drugs or oxygen needed in order for radiation to be effective. Antiangiogenic agents are thought to revert this abnormal vascular network to a more normalized state. 15 Normalization may improve tumor perfusion and delivery of cytotoxic therapies, thus, enhancing the efficacy of concomitantly administered drugs.
14 As opposed to pruning or destroying blood vessels, vascular normalization induces structural and functional changes in the abnormal tumor vasculature that transforms these vessels to a more ''normal'' morphologic state. Finally, a third possible mechanism of action of antiangiogenic drugs is disruption of the perivascular-cancer stem cell niche. Glioblastoma stem cells, the self-renewable cells that potentially give rise to gliomas, exist in a highly specialized stem cellYvascular niche that allows these cells to remain in a self-renewing state. 16 Antiangiogenic agents may disrupt the critical interaction between these GBM stem cells and endothelial cells, thus contributing to their death. 17 Recently, more evidence has been accumulating about the important interplay between angiogenesis and bone marrowY derived cells. Monocytes and macrophages express VEGF receptor 1 (VEGFR-1) and thus are recruited to tumors with high VEGF expression and contribute to angiogenesis and tumor growth. 18, 19 Suppression of VEGFR-1 signaling in bone marrowY derived cells can decrease tumor growth. 19 These myeloid cells may also mediate resistance to antiangiogenic therapies, so likely they will become another therapeutic target.
Antiangiogenic Agents
A number of drugs that block angiogenesis are in clinical development. The majority target the VEGF pathway, but as more evidence accumulates that just targeting VEGF will be inadequate, newer agents are being explored that target other proangiogenic molecules. Early clinical studies have used antibodies or small molecule tyrosine kinase inhibitors (TKIs). Antibodies have the advantage of being highly selective for their
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The Cancer Journal & Volume 18, Number 1, January/February 2012 www.journalppo.com target with limited cross-reactivity and fewer ''off-target'' adverse effects as compared with small molecule TKIs. The halflife of an antibody is generally longer than TKIs, allowing for less frequent dosing. Conversely, antibodies are costly to produce, must be administered by intravenous infusion, and are large-molecular-weight protein molecules with limited penetration of the intact blood-brain barrier (BBB). However, when targeting endothelial cells that line tumor blood vessels or in the setting of a disrupted BBB, this may be less of a concern. Tyrosine kinase inhibitors have the advantage of being orally active, and most lack specificity for one tyrosine kinase receptor, thus allowing for broader inhibition of a variety of growth factor pathways. This broad inhibition, though, increases the risk of adverse effects. A number of TKIs are in clinical development, and the primary distinguishing characteristics are their selectivity and potency at different receptors.
Bevacizumab (Avastin)
Bevacizumab is the most commonly used antiangiogenic agent for GBM and received accelerated Food and Drug Administration approval for use in patients with recurrent GBM in 2009. It is a recombinant, humanized monoclonal antibody that inhibits VEGFR-mediated cell signaling by sequestration of its ligand VEGF-A. The half-life of bevacizumab is approximately 20 days, so it is administered every 2 weeks and sometimes every 3 weeks. Initial studies with bevacizumab in recurrent GBM showed radiographic response rates of 28% to 40% and 6-month progression free survival (APF6) rates of 40% to 50%.
20Y22 This compared favorably to prior studies in recurrent GBM in which the median APF6 was only 15%. 23 Based on these promising results, a randomized, noncomparative phase II trial of patients with recurrent GBM was completed. One hundred sixty-seven patients were randomized to bevacizumab alone (85 patients) or bevacizumab plus irinotecan (82 patients). 24 The combination arm was postulated to be more effective than bevacizumab alone because of the possible normalizing effects on tumor vasculature, resulting in improved delivery of a cytotoxic chemotherapy. The APF6 was 35.1% in the bevacizumab-alone arm and 50.2% in the combination therapy arm. Median overall survival was 9.7 months in the bevacizumab arm and 8.9 months in the combination arm with more frequent CTCAE grade 3 toxicities in the bevacizumab and irinotecan arm (67% vs 48%). Consequently, although APF6 was better in the combination arm, the increased rate of toxicity and equivalent median overall survival raises questions as to whether there is a significant advantage to combining bevacizumab with irinotecan over bevacizumab alone.
Antiangiogenic agents may improve response to radiation, and a small pilot study determined that bevacizumab was safe in newly diagnosed GBM patients who were also receiving radiation and temozolomide. 25 Two randomized phase III clinical trials are exploring bevacizumab in combination with radiation and temozolomide in newly diagnosed GBM, but results from these studies are not yet available.
Despite the improved response rate and PFS with bevacizumab, all patients eventually relapsed, so different drug combinations with bevacizumab have been explored. Erlotinib, cetuximab, etoposide, and histone deactylase inhibitors are currently being explored or have been explored in patients with recurrent GBM. Unfortunately, the results so far have not suggested any additional benefit over bevacizumab alone. 26, 27 Other Antibodies Aflibercept (VEGF-Trap) is a soluble decoy molecule that binds to VEGF-A with higher affinity than bevacizumab but also binds VEGF-B and placental growth factor, another ligand for VEGFR-1. 28 Preliminary data from a phase II trial of aflibercept in patients with recurrent malignant glioma demonstrated a 30% radiographic response rate in the subset of patients with GBM. 29 In a mouse xenograft model, aflibercept combined with radiation was shown to be more effective than radiation alone, suggesting that it might be beneficial in combination with radiation and temozolomide in newly diagnosed GBM patients, so a trial was recently completed in this patient population, but the results are pending. 30 IMC-3G3, a monoclonal antibody to PDGF receptor > (PDGFR->), and ramucirumab (IMC-1121B), a monoclonal antibody to VEGFR2 are both being evaluated in clinical trials for recurrent GBM. Antibodies to Ang2 are also being developed.
Cediranib (Recentin)
Cediranib has been the most studied TKI in GBM. It blocks all VEGFRs (-1/-2/-3), c-kit, and PDGFR->/A and can be administered once daily. In 30 patients with recurrent GBM treated with cediranib alone, the radiographic response proportion was 56%, median PFS was 117 days, median overall survival was 227 days, and APF6 was 25.8%. 31 As part of this study, patients underwent specialized magnetic resonance imaging (MRI) to study the tumor vasculature, and a transient window of normalization was identified (Fig. 1) . Vessel size and permeability rapidly decreased, suggesting normalization of the abnormal GBM vascular network. A positive consequence of reduced vascular permeability in these patients was reduction of vasogenic cerebral edema, a cause of major morbidity in this patient population. The antiedema effect of cediranib also resulted in a steroidsparing effect, with most subjects able to reduce or discontinue corticosteroids as the cerebral edema resolved. Based on these promising results, an international randomized phase III trial of cediranib versus cediranib with lomustine, an oral alkylating agent that has been a standard therapeutic in patients with recurrent GBM, was completed. Unfortunately, preliminary results from this study did not demonstrate a survival benefit of cediranib alone or in combination with lomustine versus lomustine alone. Trials of cediranib in newly diagnosed GBM patients also receiving radiation and temozolomide are ongoing.
Other TKIs
There are several other broad-spectrum TKIs that target VEGFRs currently under study in the GBM patient population including sorafanib, sunitinib, vandetanib, cabozantinib, pazopanib, AEE788, E7080, and CT-322 (Table 1) . Results from these trials are preliminary but generally disappointing.
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Toxicity with TKIs is often greater than with bevacizumab. Tyrosine kinase inhibitors that target other angiogenesis pathways such as inhibitors of PDGF, hepatocyte growth factor/ c-MET, FGF, or PI3 kinase are in clinical trials.
Toxicities of Antiangiogenic Agents
Although generally well tolerated, antiangiogenic agents have several rare but serious complications (Table 2) . 36 Hypertension has been the most notable adverse effect because VEGF blocks nitric oxide and prostacyclin synthesis, impairs baroreceptor response, and perturbs endothelial cell function. As many as 60% of patients, particularly those with borderline hypertension, will require treatment with antihypertensive agents, and early intervention is important to preempt development of severe hypertension. There is a low incidence (G5%) of intratumoral hemorrhage and only minimal increase in thromboemolic events. Poor wound healing because of angiogenic blockade is particularly concerning in patients who have recently undergone craniotomy for resection of their tumor. Bowel perforation, proteinuria, kidney damage, and reversible posterior leukoencephalopathy have also been reported. Injury to the kidney may also influence the development of hypertension. For specific small molecule inhibitors, the toxicity profile varies depending on the agent, but fatigue and diarrhea are especially common.
Antiangiogenic Agents for the Treatment of Cerebral Edema
Vasogenic edema is a common feature of malignant gliomas and obligates patients to chronic corticosteroid use. Unfortunately, this usually leads to steroid-related toxicities including osteoporosis, weight gain, insomnia, infection, and psychiatric effectsVall of which impair the quality of life for these patients. Vasogenic edema is the result of disruption of the BBB and increased vascular permeability from oversecretion of VEGF. By blocking VEGF, anti-VEGF agents restore the integrity of the BBB and decrease vasogenic edema. Vatalanib, cediranib, and bevacizumab have all been observed to decrease vasogenic edema as measured by serial MRI scans, and patients have been able to decrease or stop steroids completely.
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The antipermeability effect of anti-VEGF therapies may also be beneficial for radiation necrosis. Radiation necrosis occurs several months to years after therapeutic doses of radiation and is thought to be mediated by endothelial cell damage and the release of VEGF. 41, 42 Patients with cerebral radiation necrosis develop progressive vasogenic cerebral edema and typically require long-term corticosteroid use to control swelling. Several small studies have suggested that bevacizumab can ameliorate radiation necrosis based on improvement in MRI scans (decreased T2 signal and contrast enhancement) and decreased requirement for corticosteroids. 40, 43, 44 Resistance to Antiangiogenic Agents Although antiangiogenic agents have been associated with prolonged progression-free and overall survival, most if not all GBM patients treated with these drugs eventually relapsed. In addition, there appears to be a subset of patients who do not respond to bevacizumab. These patients may have a tumor that is not dependent on VEGF for growth and have an intrinsic resistance to antiangiogenic therapy. For patients who initially responded, tumors may develop evasive/adaptive resistance by up-regulation of alternate proangiogenic pathways, improved protection of tumor neovasculature by increased pericyte coverage, and increased invasiveness of tumor cells that co-opt native brain-blood vessels. 45 Hypoxic tumors can recruit vascular progenitor cells and proangiogenic monocytes from the bone marrow that differentiate into endothelial and pericyte progenitors. 46 Support for these mechanisms has predominantly come from preclinical models, and there are increasing efforts to identify tumor escape mechanisms in humans using blood or MRI biomarkers. For example, elevated stromal-derived growth factor 1>, bFGF, PDGF, DLL4/notch, and Tie-2 have been implicated in the up-regulation of alternate proangiogenic signaling pathways. 31, 47 Genetic alteration in the VEGF molecule itself or its receptor, a commonly cited mechanism for acquired drug resistance in traditional chemotherapeutics, has not been clearly demonstrated.
Determining Glioblastoma Response to Antiangiogenic Agents
An increasing concern with antiangiogenic therapies has been how to assess tumor radiographic response and tumor progression. Reduction in contrast enhancement on postcontrast T1-weighted MRI images has been the conventional methods to determine GBM response to treatment. Glioblastomas enhance after the administration of intravenous contrast agents because the tumor vasculature has a dysfunctional, permeable BBB that enables leakage of contrast from the intravascular space into the brain parenchyma. Decreasing contrast enhancement with treatment has been interpreted as a decrease in tumor burden. However, in the setting of antiangiogenic agents, the association between reduction in contrast enhancement and decreased tumor burden is less clear. Antiangiogenic agents restore vascular integrity, which results in a reduction in BBB permeability and contrast leakage independent of any effect on the underlying tumor. If only change in contrast enhancement determines tumor status, clinicians will not accurately measure tumor response because the tumor may still be growing behind the now intact BBB. Thus, alternative methods to measure tumor response and progression need to be developed for antiangiogenic drugs. Diffusion imaging has been one such tool that may prove helpful. 48, 49 Preclinical models and small human studies have suggested that blocking angiogenesis may lead to the tumor co-opting native brain-blood vessels as an alternate way of maintaining an adequate blood supply.
50Y52 Histologic sections from gliomas in rats treated with a VEGF murine antibody demonstrated tumor cells infiltrating into normal surrounding brain and tracking along native brain-blood vessels. These blood vessels maintain an intact BBB so the perivascular tumor will not be visible on contrast-enhanced MRI studies. There is a concern that observed changes on fluid attenuation inversion recovery (FLAIR) sequences or diffusion imaging represent tumor growth without an associated increase in contrast enhancement. 48 Therefore, new radiographic criteria have been proposed to assess glioma response in the setting of antiangiogenic therapy. 53 The new Response Assessment in Neuro-oncology criteria incorporate change in FLAIR hyperintensity as a metric for tumor progression. These criteria will need to be validated and refined but represent an important update to response assessment.
CONCLUSIONS
Tumor angiogenesis is a pathophysiologic process characterized by redundant proangiogenic signaling pathways and multiple escape mechanisms. To date, results of antiangiogenic therapies for GBM have been modestly encouraging, with some positive impact on progression-free survival in patients with GBM. Salvage therapies are needed, and combination strategies will be necessary for a sustained antiangiogenic effect. Novel agents such as microRNAs are also being explored to target angiogenesis but have not yet reached the clinic. Improved understanding of the mechanism of action of antiangiogenic therapies will be vital to optimize the use of these agents. Specifically, identification of the normalization window in GBM by noninvasive serial imaging may shed light on when to combine antiangiogenic drugs and cytotoxic therapies. In addition, antiangiogenic therapies may prove effective in the treatment of conditions associated with increased vascular permeability such as vasogenic cerebral edema related either to the tumor itself or radiation-induced inflammation and cerebral radiation necrosis.
